Introduction
Despite the long-held belief that reproductive and disseminative organs of plants are sterile, it is now well established that seeds host diverse microbial assemblages (Hardoim et al. 2015; Truyens et al. 2015) . Some of these associated microorganisms contribute to plant health, plant growth, and seed survival while others are detrimental (Barret et al. 2016; Saikkonen et al. 2016) . Seeds can facilitate the dispersal of microorganisms, providing for early colonization of a new plant generation. Although seeds are an important means of supporting microbial growth and dispersal, relatively little is known about the ecology of seed-associated microorganisms (Saikkonen et al. 1998; Compant et al. 2010; Truyens et al. 2015; Brader et al. 2017) in comparison with root-and leaf-associated microorganisms (Mercado-Blanco and Lugtenberg 2014; MercadoBlanco 2015; Vacher et al. 2016; Compant et al. 2016) . In many instances, the composition and structure of the seed microbiota of various plants species have yet to be characterized. This includes the microorganisms living on the surface as well as the inner tissues of the seeds. Furthermore, a thorough understanding of the specific routes of seed transmission of microorganisms needs to be developed. Whereas seed transmission has been thought to occur through three main routes: the internal, floral and external pathways (Maude 1996) , the relative importance of these pathways in determining the composition of the seed microbiota remains to be explored. Moreover, the impact of vertical (derived from the mother plant) and horizontal transmission (derived from air-borne or soil-borne microorganisms) in the assembly of seed microbial communities is unclear for some taxa.
As much needs to be understood about seedassociated microbes, perhaps among the most important are resolving the relative roles of horizontal and vertical transmission in establishing the seed microbiota, which could lead to a better understanding of the plant holobiont, its microbiome and functioning, and the potential use of seed-associated microbes for improving agricultural productivity. This understanding could like lead to insights into the evolution of specific microbial taxa within seeds and the relative contributions of various selective forces in shaping the seed microbiota. The unraveling of these processes could provide important knowledge about how beneficial, commensal, and pathogenic fungal and bacterial microorganisms establish and maintain intimate associations with their seeds and contribute to the health of the next plant generation, improving our abilities to develop successful application strategies for microbial inoculants and their integration into sustainable crop production and protection.
Since the nineteenth century, advances have been made in our understanding of plant-associated microorganisms. However, for seeds and their microbiota, there remain large gaps in our knowledge. Seed transmission of some microorganisms like Epichloids in grasses (Kauppinen et al. 2016; Saikkonen et al. 2016) or phytopathogenic fungi and bacteria (Li et al. 2017; Brader et al. 2017 ) have been relatively well studied. However, seed transmission of many plant-associated microorganisms remains unknown.
The contributions in this Special Issue have served to greatly improve our understanding of the mechanisms of seed-microbe-soil interactions, the nature of the microbiota and functioning of the microbiome present within various seeds, the evolution of the seed microbiota, and the routes of microbial colonization. The studies include different beneficial and detrimental microorganisms as fungi and bacteria thriving as endophytes in different kinds of plants. They further describe ways in which specific native or non-native seed microorganisms may be utilized for improving seed and seedling survival and plant health and productivity.
The seed microbiota
In a Marschner review, Nelson (2018) explores and discusses the complex microbial associations, richness, and dynamics of the seed microbiota, through various stages of the plant's life cycle and the impact on plant health and productivity. Different seeds can vary in the composition of their microbiota, which may be determined by the seed genotypes as well as environmental conditions in which seeds and seedlings develop. Interestingly, Adam et al. (2018) also explore the seed microbiota of different lines of Cucurbita pepo L. where, despite the dominance of members of the Enterobacteriaceae among the different taxa within the seeds, they demonstrate a strong seed genotypespecific microbiota in comparison to rhizosphere bacteria. Sánchez-López et al. (2018) further analyse the core microbiota within seeds of Crotalaria pumila growing in metal mine residues across several seed generations. By analysing the community structure and diversity of endophytic bacteria within seeds, they provide strong evidence that the seed assemblages are similar across generations. However, Rezki et al. (2018) , using Raphanus sativus, show that across three generations, seed bacterial and fungal microbial communities display a low heritability, suggesting that ecological drift is an important driver of the structure of the seed bacterial communities but dispersal is involved in the assembly of seed fungal communities. Alibrandi et al. (2018) characterize the seed endophytes of Anadenathera colubrina (Vell.) Brenan by culture-dependent and independent approaches describing specific microbial taxa related to Friedmaniella, Bifidobacterium, Delftia, Anaerococcus and Actinomyces that are associated to this leguminous tree from South America.
The routes and niches of colonization of seed inhabitants
In studying microbial assemblages within seeds of different plant species, it is important to understand where microorganisms are located and from where they originate. Glassner et al. (2018) analyzed the seeds of Cucumis melo L. by scanning electron microscopy and fluorescence in situ hybridization coupled with confocal microscopy and highlighted not only the different bacterial taxa belonging to the Alpha-, Beta-, Gamma-proteobacteria, Firmicutes and Actinomycetes that inhabit seed tissues, but also their location on and in the seed coat, root-hypocotyl embryo, cotyledons, and the perisperm/endosperm envelope surrounding the embryo. Also using fluorescence in situ hybridization microscopy, Alibrandi et al. (2018) detected Alphaproteobacteria, Firmicutes, and other bacteria in the intercellular spaces of the seed parenchyma and the xylem vessels of Anadenathera colubrina.
Pathogens are of particular interest and can also be seed-borne. An improved knowledge of their niches and routes of colonization is also important in understanding the seed microbiota. Darrasse et al. (2018) demonstrate in this Special Issue the differential niches and routes of transmission of Xanthomonas citri pv. fuscans and nonpathogenic Xanthomonas strains to bean seeds. While Xanthomonas citri is seed-transmitted by the floral pathway, nonpathogenic Xanthomonas strains are not, suggesting different niches and routes of seed colonization. In a commentary by Escobar Rodríguez et al. (2018) , authors further discuss the colonization routes and describe the sources of seed endophytes such as the anthosphere, carposphere, or pollen and cones in the case of gymnosperms or inner tissues from the soil to reproductive organs and how this might influence the seed microbiota. While we now have a better understanding of how the seed microbiota might be derived, we still lack important knowledge about the specific activities of endophytic microorganisms within the seeds.
Seed-and seedling-microorganism interaction mechanisms
Within this Special Issue, Pitzschke (2018) demonstrate using germinating quinoa seeds that seed endophytes have the potential to drive plant cell expansion, to move across cell walls, to generate damage-associated molecular patterns (DAMPS) and activate MAPKs in the seeds. Pitzschke further indicates that these endophytic bacteria may facilitate rapid seed germination and confer a primed state directly upon seed rehydration. Seed protection can be, however, dependent on the physiological stage of the seeds. As Chen et al. (2018) point out, dormancy may protect seeds from infection by the pathogen Fusarium tricinctum as nondormant seeds are more susceptible as compared to dormant seeds. However, seedlings can induce defense responses to reduce pathogen infection as Zhang et al. (2018) show through proteome analyses with seedlings of watermelon with activated defense reactions to Fusarium oxysporum.
Native seed endophytes can increase plant growth and health
Some seed inhabitants are capable of increasing seed germination and seedling growth. Shearin et al. (2018) and White et al. (2018) demonstrate that fungal endophytes such as Phoma, Penicillium, Alternaria as well as various pseudomonads contribute to increased seed germination and growth of invasive Phragmites australis (Cav.) Trin. ex Steud, demonstrating that plant invasions may be facilitated by native seed-borne microorganisms. Whereas we still do not know if seeds recruit specific microorganisms to facilitate the establishment of the next plant generation of plants, it is clear that some endophytes may increase plant growth and protect plants against damping off disease, thus reducing the growth rate of competitive plants such as dandelion and curly dock. These plants may select specific endophytes that contribute to within-field dispersal and decreased biodiversity thus promoting invasive growth.
Not only do seed endophytes contribute to seedling health, but some seeds once germinated can recruit specific microbes to protect the seed from infection. Indeed, rapid seedling growth following germination can be promoted by the recruitment of helper strains. Jack and Nelson (2018) demonstrate this by showing that some microorganisms, which are recruited to the spermosphere (once the seed has germinated), modify seed exudates to reduce zoospore chemotaxis and seed colonization by Pythium aphanidermatum through the production of zoosporolytic compounds.
Use of seed endophytes or other endophytes on seeds and seedlings to increase plant growth and health on non-native hosts Seed endophytes are beneficial for the plants from which they were derived, but also to other plants. As a global strategy to reduce chemical fertilizers and pesticides, some endophytes and other members of the phytosphere can be used for plant growth promotion and health. In this Special Issue, Verma et al. (2018) demonstrate that some seed endophytes of the monocotyledonous plant Leersia oryzoides (L.) Sw., a wild relative of rice (Oryza sativa L.), can produce auxins, solubilize phosphate, have antifungal activities and increase root and shoot growth of rice and Bermuda grass (Cynodon dactylon (L.) Pers.) seedlings. Since these endophytes are located within roots and root hairs, their exploitation may be utilized to increase crop production. Martins et al. (2018) further show that diazotrophs like strains of some strains of Azospirillum and Herbaspirillum spp. can improve nitrogen efficiency in maize and boost grain yields. Zhou et al. (2018) also show that the leaf endophyte Phialemonium inflatum can be applied to seeds and seedlings of cotton to protect seedlings against root-knot nematode infection. Finally, Vignale et al. (2018) , studying the seed-borne fungus Epichloë show that plants colonized by these endophytes can affect the extramatrical development of two arbuscular mycorrhizae, Rhizophagus intraradices and Gigaspora rosea, by promoting their colonization, demonstrating that some seed-borne fungi can also affect some below ground colonizers.
Conclusions and future prospects
Despite many decades of little interest and research attention, the microbiota of seeds is now developing into a major focus area for the exploration and understanding of plant microbiomes and beneficial plantmicrobial interactions. Seeds, like no other plant organ, provide insights into the origin of plant microbiota, but also how the interactions of seed-associated microbes may be utilized to improve plant growth. This Special Issue focusing on soil, seeds, plant and microorganisms has highlighted important advances in understanding the complex plant-seed-soil-microbe interface. While important foundational data on microbial taxa, their putative functions and interactions with other plant parts and the soil are discussed. This Special Issue also points the way for additional studies to gain a more comprehensive knowledge and understanding of the ecology of seed microbiota. Presently, our knowledge of the ecology of seed microbiota lacks far behind our understanding of the rhizosphere and phyllosphere microbiota. And while the work highlighted in this Special Issue represents only the beginning of what may be a fruitful path forward in understanding the origin of seed microbiota, the routes and modes of seed colonizing, the sites of establishment within seeds, and the function of these microbes in plant and soil habitats, we can expect great advances in coming years.
Many questions remain. For example, what factors determine efficient seed colonization by microorganisms and the successful establishment of populations in and on seeds? As with the rhizosphere and phyllosphere, does the plant physiotype shape the composition of microbial seed assemblages? Are seed microbiota different between plant families? What are the factors that allow microbes to persist in dormant seeds? What are the functional traits necessary for microbes to be able to invade and establish in plant seeds? Very often dormancy in seeds is concomitant with extreme drying begging the question of whether microbes require some level of desiccation tolerance to survive during seed dormancy. Some pioneer studies are indeed pointing to the capacity of some microorganisms to cope with stress conditions likely accompanying the seed maturation process as an essential component of efficient seed colonization (Pochon et al. 2012 (Pochon et al. , 2013 . What role do seed microbiota play in the assembly of the plant microbiota? Because the seed microbiota represent the initial microbial colonizers of emerging seedlings before they recruits microbes from the surrounding environment (rhizosphere or phyllosphere), the seed microbiota might play important roles in the assembly and function of the plant microbiome. While these and many other questions remain to be answered, the research highlighted in this Special Issue suggests that the future is bright for this emerging and productive area of inquiry.
